A male linkage map of the cattle (Bos taurus) genome was constructed using nine large half-alb families. The map consists of 269 loci, of which 249 are microsatellltes and 20 are structural genes. Among the 249 microsatellites, 140 are markers selected from other maps and 98 are new assignments. Chromosome assignments were established for 35 new markers by somatic cell hybrid analysis, of which 26 were confirmed by linkage analysis. Genome coverage Is 1975 cM contained within terminal markers on all 29 autosomes. The average distance between adjacent loci is 9.7 cM, with 72.1% of the map intervals =£15 cM and 4.9% of the intervals 2:25 cM. The inclusion of mapped markers permitted Integration and comparisons with other maps, facilitating the identification of discrepancies In chromosome assignment, gene order, and map distance. The inclusion of Type I and blood group markers In the map was useful for comparative mapping, revealing possible blood group orthologies between humans and cattle. The map generated will serve as a useful tool for comparative mapping, mapping of quantitative trait loci and marker assisted selection. 261 Downloaded from https://academic.oup.com/jhered/article-abstract/87/4/
Genetic maps of livestock species will permit selection decisions to be based upon genotype rather than or in addition to phenotype (reviewed by Soller 1994) . Such maps will provide a framework for high-resolution linkage maps that will be useful for positional cloning of genes of economical and physiological importance (reviewed by Collins 1995) . Furthermore, livestock genetic maps that include structural genes (Type 1 loci; O'Brien et al. 1991) will yield powerful tools for comparative and evolutionary studies (O'Brien et al. 1993) .
Three bovine (Bos taurus) linkage maps have been produced using independent pedigrees (Barendse et al. 1994; Bishop et al. 1994; Georges et al. 1995 ). The male map described by Georges et al. (1995) contains 171 markers encompassing 1645 cM. The maps described by Barendse et al. (1994) and Bishop et al. (1994) are sexaveraged maps that contain 202 and 313 markers spanning 1793 cM and 2464 cM, respectively. Recently, Eggen and Fries (1995) attempted to integrate existing linkage data, but there are too few common loci between the published maps to draw meaningful conclusions about differences in gene order and recombination rate. At present, a consensus framework map exists only for BTA23 (Beever et al., in press ). Thus, efforts to integrate existing maps are necessary to make maximum use of the available markers.
The goal of creating sex-specific maps for cattle and other livestock is rooted in the knowledge that recombination rate differs between loci for males and females in cattle (Beever et al. 1996) and other species (Archibald et al. 1995; Dracopoli et al. 1991; Dunn and Bennett 1967) . Furthermore, the success rate of marker-assisted selection (MAS) will depend on the accuracy of the genetic map(s) employed to make selection decisions (Weller and Fernando 1991) . Male maps can be created by sperm typing (Cul et al. 1989; Lewin et al. 1992 ) and from paternal half-sib and full-sib family data (Ott 1991) . Female maps can be constructed from oocyte and polar body typing data Jarrell et al. 1995) and from full-sib family data (Ott 1991) . For an equivalent number of meioses In a data set, sperm typing and large paternal halfsib families provide better efficiency for generating a male linkage map than small full-sib families . Furthermore, large paternal half-sib families are more powerful than full-sib families for mapping diallelic Type I markers . The widespread use of artificial insemination in commercial herds also creates opportunities to produce linkage data and map quantitative trait loci (QTL) using the same individuals (Georges et al. 1995) .
In this article we describe the construction of a moderate resolution marker map of the cattle genome using large half-sib families. Our strategy was to include selected Type I and Type II markers from the independent bovine linkage maps in order to anchor the present map and to integrate the existing maps with approximately 100 new microsatellite markers (Kemp et al. 1995; Ma et al. 1996 ). An important objective was to identify discrepancies in gene order and map distances that could affect future utilization of the cattle map for MAS and positional cloning of economically important genes.
Materials and Methods

Reference Families
Nine paternal half-sib families belonging to four beef breeds of cattle (Angus, Devon, Gelbvieh, Simmental) were used for construction of a male genetic linkage map (Lewin et al. 1994 ). These families, collectively known as the Illinois Reference/Resource Families (IRRF), include a total of 459 offspring and 353 of their respective dams. The number of offspring in these families ranges from 19 to 98, with an average of 51.4 animals per family. Genomic DNA was isolated from semen or leukocytes as described previously (Andersson et al. 1986; Miller et al. 1988 ).
Genetic Markers
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Genotyping and Data Collection
The PCR was performed in 96-well microtiter plates using a programmable thermal cycler (MJ Research, Inc., Watertown, Massachusetts). A total reaction volume of 20 JJII contained 1 x PCR buffer (50 mM KC1; 10 mM Tris-HCl, pH 8.3; 1.0-2.5 mM MgClj), 50 JJLM of each dNTP, 0.1-0.5 p.M of each primer, 0.7 jtCi [a-^P] dCTP (3000 M.Ci/mM; DuPont NEN, Boston), 0.5 U Taq DNA polymerase (Amplitaq; Perkin Elmer-Cetus, Emeryville, California), and 30 ng genomic DNA. A hot-start procedure described previously was followed and PCR products were analyzed by electrophoresis in 7% acrylamide sequencing gels run at 70 W for 2-5 h. Gels were exposed to autoradlographic film at room temperature for 6-48 h. Eleven systems were typed using fluorescently labeled PCR primers (StockMarks® for Cattle, Applied Biosystem Division, Perkin Elmer-Cetus, Foster City, California) on an automated DNA sequencer (ABI 373A) according to the manufacturer's specifications. Data were processed using the Genotyper™ DNA fragment analysis software (Applied Biosystems Division, Perkin Elmer-Cetus).
RFLP and PCR-RFLP typing was performed for 10 Type I loci as described (Beever and Lewin 1992a,b; Lewin et al. 1994; Russ et al. 1994; Theilmann et al. 1989; van Eijk et al. 1993 ). Blood group typing was performed by the Cattle Blood Typing Laboratory at Ohio State University as described previously (Lewin et al. 1994) . Serological typing was used to detect BoLA-A alleles (Davies et al. 1994) .
For microsatellites typed using radioactivity, each genotype was scored by two independent readers. Inconsistencies were resolved and the genotypes entered manually into the IRRF database and proofread against the original results before analysis.
Physical Mapping
The University of Illinois (URB) markers were physically assigned to bovine chromosomes using a hamster-bovine hybrid cell panel as described elsewhere (Gu6rin et al. 1994b) .
Linkage Analysis
Linkage of genetic markers was identified according to pairwise maximum LOD scores (Z^J obtained from the TWO-POINT option of CRI-MAP 2.4 (Green et al. 1990 ). The threshold for accepting linkage between map anchors was Z mM ^ 3.0. The threshold for linkage between new markers or a new marker and an anchor was 2: 4.5. This criterion was selected to reduce the chance of false linkage assignment of new markers due to the large number of loci (Ott 1991) . The BUILD option of CRI-MAP was used to order loci within each linkage group. The FLIPS option was used to determine the ordering reliability for each interval of the most likely order. If the log 10 likelihood ratio was 2:2.0 the order of the two loci was considered reliable; otherwise the order was considered unreliable and is noted on the map (Figure 1 ). Map distance was calculated using the Kosambi map function (Kosambi 1944) as reported in the BUILD output. Genome coverage was calculated as the sum of cM for each interval In the linkage map. The CHROMPIC option of CRI-MAP 2.4 was used to check for unlikely recombination events. Suspicious genotypes were reexamined and animals were retyped if necessary.
Results and Discussion
Marker Characterization
Three hundred three genetic markers were screened for heterozygosity using genomic DNA from the nine IRRF sires. Of all markers screened, 269 (88.7%) were found to be heterozygous in at least one sire. The average number of heterozygous sires per marker was 3.8 and 4.7 for Type I and Type II markers, respectively. Among the 269 heterozygous markers, 249 were microsatellites and 20 were Type I genes. For a given marker, all offspring of each heterozygous sire were genotyped, producing a total of more than 62,000 genotypes. The average number of informative male meioses per marker was 129.9 and 161.2 for Type I and Type II loci, respectively (dams were typed for Type I loci only). A summary of marker information is given in Table 1. The numbers of informative meioses for microsatellites were consistent with predictions of marker informativeness using the half-sib design when only one parent is typed .
Construction of a Male Linkage Map
Among the 249 microsatellites that were heterozygous on the sire DNA panel, 140 microsatellites located on 29 autosomes were selected to anchor the map (Table  1) . Genes encoding 10 serologically detected antigens, and 10 of the Type I genes detected by RFLP or PCR-RFLP analysis also served as map anchors. Thirty-five linkage groups containing 239 (87.9%) of all markers typed were identified by pairwise linkage analysis; all 35 could be as- ILSTS090  O5TS091  1LSTSO92  ILSTS093  ILSTS095  1LSTS096  1LSTS097  ILSTS098  ILSTS099  1LSTS100  1LSTS101  ILSTS102  1LSTS103  ILSTS104  ILSTS105  1NRA003  LMP2  MAF23  MAF70  MAP2C  MGTG1  MGTG13B  MGTG4B  MGTG7  NCAM  OarAE129  OarFCB20  PRL  RASA  RM006  RM011  RM038  RM065  RM066  RM074  RM088  RM095  RM180  RM185  RM188  RM192  RM500  TAMLS113.3  TGLA116  TGLA122  TGLA126  TGLA131  TGLA226  TGLA227  TGLA245  TGLA263  TGLA28  TGLA36  TGLA37  TGLA377  TGLA378  TGLA415  TGLA44  TGLA48  TGLA53  TGLA57  TGLA58  TGLA6  TGLA61  TGLA73  TGLA75  URB002  URB004  URB006  URB007  URB008  URB009  URB011  URB014  URB016  URB019  URB022  URB024  URB025  URB026  URB028   Type-MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  RFLP  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  PCR-RFLP  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS  MS   CHR'   6   21  6  21  3  6  2  28  11  24  29  21  1   3  23  5  4  19  16  15  4  23  15  7  2  23  7  7  14  3  3  14  29  4  1  14  23  4  14  5  23  4  21  20  10  2  18  16  3  12  12  6  2  10  1  2  7  16  1  11  13  2  9  15  17  13  3  13 signed to the 29 bovine autosomes on the basis of included map anchors or somatic cell mapping (Figure 1) . Eight chromosomes-BTA3, BTA5, BTA6, BTA7, BTA10, BTA12, BTA17, and BTA21-are comprised of linkage groups that were not contiguous. These results demonstrate that genetic maps can be produced by typing half sibs and one parent with the same relative efficiency as the full-sib design (in terms of the total number of individuals typed) provided that the number of half sibs is large (generally more than 50 per family; Da and Lewin 1995) . A total of 98 previously unmapped microsatellites (57 ILSTS, 40 URB, and TAMLS 113.3) were added to the genetic maps of 24 autosomes (Figure 1, Table 1 ). Three markers QLSTS012, ILSTTS016, and HUJ625) assigned previously by somatic cell hybrid analysis (Guerin et al. 1994b; Shalom et al. 1993) were assigned and ordered for the first time in the extant map. Chromosome assignments made by link-age analysis for 26 URB markers were confirmed by somatic cell hybrid analysis. Seven individual URB markers and two linked ILSTS markers were assigned only by somatic cell hybrid analysis because of insufficient LOD scores with assigned markers or absence of heterozygous sires (Table 1) . Twenty-three markers, including 12 used as map anchors, were not linked to another marker.
Map Coverage
The average number of markers per chromosome on the extant map is 8.2, with a range of 2 to 22. The average genetic distance between adjacent loci is 9.73 cM, with 72.1% of the map intervals ssl5 cM and 4.9% of the intervals 2=25 cM. Genome coverage between all flanking markers was 1975 cM. Adding 15 cM to 30 of 70 linkage group termini (Barendse et al. 1994) results in an estimated coverage of 2426 cM or 99% of the estimated male genome length for cattle (Barendse et al. 1993) .
Comparisons With Other Maps
Chromosome assignments and locus order. One hundred forty-nine markers in the extant map are common with other maps (Barendse et al. 1994; Bishop et al. 1994; Georges et al. 1995) or mapping data , thus enabling comparisons of chromosome assignments, locus order, and map intervals. Between maps there was excellent agreement for chromosome assignment and locus order. There were discrepancies in chromosome assignment only for TGLA131 and ETHU12. TGLA131 was assigned to BTA13 by Barendse et al. (1994) , but our analysis showed that this marker is tightly linked to BM1237 on BTA10 (Z^ = 22.57 with 91 coinformative meioses), consistent with the assignment to BTA10 by Georges et al. (1995) . The assignment of ETH1112 to BTA3 (U6) reported by Steffen et al. (1993) was not supported by our data. ETH1112 was linked to BL25 on BTA28 (Z,^ = 8.07 with 60 coinformative meioses), supporting the assignments made by Barendse et al. (1994) and Guerin et al. (1994a) . Mapping of EAB to BTA12 and £47 to BTA10 is consistent with the map locations reported by Bishop et al. (1994) , contradicting the findings of Georges et al. (1990) who reported that EAB and EAZ were linked.
Locus order was generally consistent between maps. On the extant map, OarAE129-RASA comprise a linkage group distinct from BM1853-ILSTS006 on BTA7; however, inspection of our data revealed a very small number of coinformative meioses between markers in the two linkage groups. Therefore, we have insufficient data to contradict the more reliable order suggested by Bishop et al. (1994) . Similarly, our data lacks statistical support for the orientation of RM095 and ILSTS004 on BTA1 compared with the orientation suggested by Bishop et al. (1994) . On BTA4 we were able to resolve the orientation of RM188 and TGLAU6 relative to MGTG4B (Barendse et al. 1994) . Other loci ordered unambiguously (likelihood ratios > 1000: 1) in the extant map were CSSM033 and HUJ223 relative to ETH185 on BTA17 (Barendse et al. 1994) . Discrepancies on BTA23 were resolved by a recent international workshop and the consensus map was consistent with the extant map (Beever et al., in press) .
Map intervals. Comparisons of map distances were made between the extant male map and other maps (sex averaged) for 68 common marker intervals. Those intervals that were twice as large or less than half as large in other maps, or that Figure 1 . A male linkage map of the bovine genome. Chromosome and synteny assignments are given on the top of each chromosome. Orientation relative to the centromere Is arbitrary unless Indicated by * (centromere). Synteny group designations are consistent with those given In Eggen and Fries (1995) and Gallagher et al. (1995) ; designations In parentheses are according to Mezzelani et al. (1994) . A LOD score 24.5 was required for chromosome assignment of new markers and LOD ^3 0 for map anchors to be included In marker ordering. Loci In Italics are map anchors published previously. Genetic distances between loci are given In centlmorgans (cM). An underlined distance Indicates that the likelihood ratio for the order to the next most likely order Is less than 100:1. A thin line between two loci indicates the minimum distance possible from the available number of colnlormatlve melosls at the LOD score 3.0 and 80% power of detection. The length of each chromosome flanked by terminal markers is given on top of each chromosome. differed by more than 10 cM, are listed In Table 2 . Large discrepancies were found for intervals on several chromosomes. In addition to the nature of these comparisons (male compared with sex-averaged maps), these differences could be due to several factors including within-and between-sex differences in recombination rate (Beever et al., in press; Park et al. 1995) , sampling variation, and data errors. Resolution of these large differences in recombination rate should involve international collaboration as conducted for BTA23 (Beever et al., in press ).
Map Integration
The extant map has 87, 47, and 37 markers in common with the maps described by Bishop et al. (1994) , Barendse et al. (1994) , and Georges et al. (1995) , respectively. This degree of overlap represents the most comprehensive effort to integrate available markers into a consensus map. For example, only 47 markers are shared between the Bishop et al. (1994) and Barendse et al. (1994) maps, providing an average of fewer than two markers per chromosome for comparison (Eggen and Fries 1995) . In contrast, the 149 map anchors on the extant map provide an average of 5.14 markers per chromosome for comparison. Further efforts to integrate the existing maps will provide the necessary flexibility in marker selection that is required for genome scanning for QTL and disease genes.
Comparative Mapping
With the exception of the blood group loci and CRYG8, the Type I loci on the extant map are located on only two chromosomes (BTA2 and BTA23). A discussion of comparative linkage data for loci on BTA2 and BTA23 and evolutionary implications has been presented elsewhere Lewin et al. 1994; Park et al. 1995; van Eijk et al. 1995) . For the blood group loci, there is not yet a molecular basis for orthologous comparisons. However, comparative linkage and physical mapping data can be used to draw inferences about orthologous relationships for several of the cattle blood groups (Pearson et al. 1994) . For example, EAJ, positioned at the terminal end of BTA11 in this study, is likely to be the orthologue of ABO which is located on HSA9q34. Biochemically, a putative EAJ glycosyl transferase could supply the J specificity to a soluble or secret- 
Continued. Wright blood group), and EAZ and SPTB (spectrin, beta subunlt). Cloned genes for these blood group antigens will facilitate the confirmation of these putative orthologies.
Map Utility
Compared with other pedigrees used to create bovine linkage maps, the IRRF has a relatively large number of male meioses. This yielded a map with precise male map distances because the standard errors of pairwise recombination rates were lower on average than standard errors of 9 in the sex-averaged maps. Moreover, the map has nearly twice as many markers as the previously reported male map (Georges et al. 1995) . As such, this map will serve as a useful reference for application of MAS through the sire path and will serve as a framework for comparative gene mapping. The map generated will be used for mapping growth-related QTL in the IRRF and other resource families.
